The gene (nplT) for a new type of pullulan-hydrolysing enzyme, neopullulanase, from Bacillus stearothermophilus TRS40 was sequenced. The DNA sequence revealed only one large open reading frame, composed of 1764 bases and 588 amino acid residues ( M , 69 144). Although the thermostable neopullulanase contained eight cysteine residues, they did not provide conformational stability by disulphide bonds. A comparison was made of the amino acid sequences of a-amylase, neopullulanase, isoamylase, pullulanase and cyclodextrin glucanotransferase. All the enzymes examined contained four highly conserved regions which probably constitute the active centres of the enzymes. The amino acid residues required for the specificity of neopullulanase are compared with those of a-amylase and other amylolytic enzymes.
The gene (nplT) for a new type of pullulan-hydrolysing enzyme, neopullulanase, from Bacillus stearothermophilus TRS40 was sequenced. The DNA sequence revealed only one large open reading frame, composed of 1764 bases and 588 amino acid residues ( M , 69 144). Although the thermostable neopullulanase contained eight cysteine residues, they did not provide conformational stability by disulphide bonds. A comparison was made of the amino acid sequences of a-amylase, neopullulanase, isoamylase, pullulanase and cyclodextrin glucanotransferase. All the enzymes examined contained four highly conserved regions which probably constitute the active centres of the enzymes. The amino acid residues required for the specificity of neopullulanase are compared with those of a-amylase and other amylolytic enzymes.
I N T R O D U C T I O N
Four types of pullulan-hydrolysing enzymes have been described (Imanaka & Kuriki, 1989) : (i) glucoamylase (glucan 1,4-a-g1ucosidase; EC 3.2.1 .3), which hydrolyses pullulan from nonreducing ends to produce glucose ; (ii) pullulanase (a-dextrin endo-1,6-a-glucosidase ; EC 3.2.1 .41), which hydrolyses a-(1+6)-glucosidic linkages of pullulan to produce maltotriose; (iii) isopullulanase (EC 3.2.1 .57), which hydrolyses a-( 1+4)-glucosidic linkages of pullulan to produce isopanose (6-0-a-maltosylglucose) ; and (iv) neopullulanase, which hydrolyses a-( 1-4)-glucosidic linkages of pullulan to produce panose (62-O-a-glucosylmaltose). The last enzyme was reported to be a new type of pullulan-hydrolysing enzyme from Bacillus stearothermophilus TRS40 (Kuriki et al., 1988a) . We have cloned the genes for the neopullulanase and pullulanase in Bacillus subtilis (Kuriki et al., 1988 a, b, respectively) . The neopullulanase could hydrolyse pullulan efficiently and only hydrolysed a small amount of starch. Further studies revealed that neopullulanase hydrolysed not only a-( 1+4)-glucosidic linkages but also specific a-( 1 +6)-glucosidic linkages of several branched oligosaccharides (Imanaka & Kuriki, 1989) .
It was previously demonstrated that four highly conserved regions existed in eleven different a-amylases (EC 3.2.1.1) (Nakajima et al., 1986) and the regions were most likely to be the active and/or substrate-binding sites of the enzymes (Matsuura et al., 1984) . These homologous regions have also been discussed for other kinds of amylolytic enzymes (Amemura et al., 1988; Binder et al., 1986; Kimura et al., 1987; McPherson & Charalambous, 1988; Sakai et al., 1987) . This paper describes the nucleotide sequence of the cloned neopullulanase gene. To further investigate the unique action pattern of the neopullulanase at the molecular level, the amino acid sequence of the neopullulanase is compared with those of a-amylase, isoamylase, pullulanase and cyclodextrin glucanotransferase, and the specificity of the neopullulanase is described.
RESULTS
Nucleotide sequence of the neopullulanase gene We have previously shown that the structural gene for the neopullulanase (nplT) from B. stearothermophilus TRS40 is cloned in a 3.4 kb (2.2 MDa) HindIII fragment of plasmid pPPl0 (Kuriki et al., 1988a) . Fig. 1 shows the restriction map of the 3.4 kb HindIII fragment. Using a fi-ame-shift mutation generated by end-filling with DNA polymerase I, we confirmed that a single SalI site was located in nplT. The nucleotide sequence of nplT was determined (Fig. 2) , according to the strategy shown in Fig. 1 .
To correlate the nucleotide sequence data with the structure of the neopullulanase, the aminoterminal amino acid sequence of the enzyme from B. subtilis NA-l(pPP10) was determined through five cycles of the Edman degradation procedure (Allen, 198 1). The first five amino acids of the enzyme were Met-Arg-Lys-Glu-Ala. This sequence completely matched that deduced from the nucleotide sequence only when ATG was taken as the initiation codon at position + 1 (Fig. 2) .
Starting from the ATG codon at position + 1 and terminating in a TAG nonsense codon at position + 1765, the single open reading frame was composed of 1764 nucleotides (Fig. 2) . The maximum length of other open reading frames was 474 nucleotides in the two other reading frames of the same strand and the three reading frames of the complementary strand.
At 6 bases upstream from the ATG codon, there was a 10-base sequence, AAGGAGGAGA ( -16 to -7), which exhibited complementarity with the 3' end of the 16s rRNA from B. stearothermophilus (Kozak, 1983) and B. subtilis (Moran et al., 1982) ; hence it is the most probable ribosome-binding site (Shine-Dalgarno sequence) of nplT. The free energy of formation of the most stable pairing was calculated as -18.0 kcal mol-l (-75.3 kJ mol-I) (Tinoco et al., 1973) .
Two putative promoters (-35 and -10 regions) are shown in Fig. 2 ; one is TTGACTTTTTTTCTCTCTTTTCGTACTCT (-90 to -62) and the other TTTTTTTCTCTCTTTTCGTACTCTTTAAT (-85 to -57). However, these two putative promoters are somewhat different from the consensus sequence for the c~~~ factor (TTGACA for the -35 region and TATAAT for the -10 region) in B. subtilis (Moran et al., 1982) . The distance between the -35 region and the -10 region was 17 bp for each promoter, which is the same as the consensus distance in B. subtilis (Moran et al., 1982) . Furthermore, 39 bases downstream from the termination codon at position + 1765 was a palindromic sequence ( Fig. 2) that might act as a transcription terminator (Rosenberg & Court, 1979) .
Amino acid analysis
The M , of the neopullulanase, calculated as 69 144 from the amino acid sequence (588 amino acid residues), is in reasonable agreement with the direct assessment ( M , 62000) by SDS polyacrylamide gel electrophoresis (Kuriki et al., 1988a) . The amino acid composition of the neopullulanase agreed with that deduced from the nucleotide sequence (data not shown). The codon usage was rather randomly distributed, without clear bias for any particular thirdposition base, and was nearly the same as that of B. stearothermophilus a-amylase (Nakajima et al., 1985) .
The neopullulanase contained eight cysteine residues (Fig. 2) . If some disulphide bonds existed, they might provide conformational stability (Perry & Wetzel, 1984) . To examine whether disulphide bonds were present in the neopullulanase, we compared the thermostability of the enzyme in the presence or absence of a reducing agent. 2-Mercaptoethanol (final concentration 10 mM) was added to the enzyme solution and the thermostability at 60, 65 and 70 "C was measured as described previously (Kuriki et al., 1988a) . The thermostability and specific activity of the reduced neopullulanase were rather higher than those of the native (nonreduced) enzyme, although the reason is not clear yet (data not shown). This result implied that the neopullulanase did not contain any disulphide bonds necessary for enzyme activity or for stability.
Comparison of the amino acid sequences of' homologous regions in several amylolytic enzymes
We analysed the homologous amino acid sequences for a-amylases (Nakajima et al., 1986) , the neopullulanase, isoamylase (Amemura et al., 1988) , pullulanase (Katsuragi et al., 1987) and cyclodextrin glucanotransferases (Binder et al., 1986; Kimura et al., 1987 ; Sakai et al., 1987) . As the results demonstrate (Fig. 3) , the four highly conserved regions previously demonstrated in or-amylases were also found in the neopullulanase, isoamylase, pullulanase and cyclodextrin glucanotransferases. The arrangement of regions 1, 2, 3 and 4 from the amino-termini among these enzymes were the same. The other parts of the neopullulanase showed almost no similarity to those of a-amylases, isoamylase, pullulanase and cyclodextrin glucanotransferases.
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DISCUSSION
We have determined the complete nucleotide sequence of the gene for a new type of pullulanhydrolysing enzyme, designated neopullulanase, from B. stearothermophilus TRS40. An open reading frame, composed of 1764 bases and 588 amino acid residues, was found. The thermostable neopullulanase contained eight cysteine residues. However, they did not provide conformational stability through disulphide bond formation. of corresponding amino acid residues in other a-amylases, neopullulanase, isoamylase, pullulanase and cyclodextrin glucanotransferases (see Fig. 3 ). The glucose residues of amylose (as a substrate) are specified by the numbers 1 to 7. Enzymes are abbreviated as in Fig. 3 . 0, Conserved residue; x , nonconserved residue.
Table 1. Action of various amylolytic enzymes
Relative hydrolysis and transglucosylation rates are indicated as follows: + + , strong; + , medium ; &, weak ; -, none. a-( 1 -4 , a-( 14)-glucosidic linkage; a-( 1-6), a-( 14)-glucosidic linkage.
Pullulan
Starc h/amylopectin Glycogen
Although most of the amylolytic enzymes are secretory proteins, no typical signal sequence was found in the amino-terminal region of the neopullulanase. When B. subtilis NA-l(pPPl0) was cultivated for 13 h (early stationary phase), about 20% of the total neopullulanase activity was detected in the culture supernatant. Since a major portion of the activity (about 80%) was found in the cell extract, which was prepared by sonication (19.5 KHz, 10 min), we purified the intracellular neopullulanase, and the amino-terminal amino acid sequence was compared with that of the enzyme purified from the culture supernatant. The sequences of the first five amino acids of the enzymes from the two different preparations were identical. Since the neopullulanase was exclusively extracellular in B. stearothermophilus TRS40, the different localization of the neopullulanase in B . subtilis remains to be investigated.
We found four highly conserved regions in a-amylase, cyclodextrin glucanotransferase, and even in the neopullulanase, isoamylase and pullulanase, whose different patterns of action are summarized in Table 1 . This finding might be very interesting to point out the homologies between a-( 14)-glucanohydrolases (a-amylase and cyclodextrin glucanotransferase) and a-(1 -6)-glucanohydrolases (isoamylase and pullulanase). Pullulanase hydrolyses pullulan, whereas isoamylase does not. The neopullulanase hydrolyses not only a-( 1 4 ) -but also a-( 1+6)-glucosidic linkages (Imanaka & Kuriki, 1989; Kuriki et al., 1988a) . The enzyme could hydrolyse pullulan efficiently and only a small amount of starch (Kuriki et al., 1988a) . Therefore, the neopullulanase is a novel enzyme which might be classified between a-amylase and pullulanase from the viewpoint of its action pattern.
In this context, we analysed the homologies of other glucanohydrolases, such as glucoamylase (EC 3.2.1 .3) (Yamashita et al., 1985) , P-amylase (EC 3.2.1 .2) (Rhodes ef al., 1987) , cellulase (EC 3.2.1.4) (Bkguin et al., 1985; Fukumori et al., 1986) , maltase (a-D-glucosidase; EC 3.2.1 .20) (Hong & Marmur, 1986 ) and isomaltase (oligo-l,6-glucosidase; EC 3.2.1 .lo) (Hunziker et al., 1986) . However, no significant homologies were found (data not shown).
A molecular model and catalytic residues of Taka-amylase A from Aspergillus oryzae were reported by Matsuura et al. (1984) . Using the alignment of amino acid residues in homologous regions (Fig. 3) , this model was applied for other a-amylases, the neopullulanase, isoamylase, pullulanase and cyclodextrin glucanotransferases (Fig. 4) . Glu230 and Asp297 were proposed as active sites of Taka-amylase, and His122, Asp206, His210 and His296 were proposed as substrate-binding sites (Matsuura et al., 1984) . These active and substrate-binding sites were surprisingly conserved in other a-amylases, the neopullulanase isoamylase, pullulanase and cyclodextrin glucanotransferases (Figs 3 and 4) . However, one substrate-binding-site residue, corresponding to His210 of Taka-amylase, was substituted by Glu, Val or Tyr in the neopullulanase, isoamylase or pullulanase, respectively. It is interesting that only these three enzymes can hydrolyse a-( 1+6)-glucosidic linkages (Table 1) . Plant et al. (1987) suggested the presence of a carboxyl group with pKa 4.3 at the active site of Thermoanaerobium pullulanase. It was considered most likely that the pKa value of 4.3 represented the ionization of a Glu or Asp carboxyl group, and this view was confirmed by chemical modification with a carboxyl-group-specific reagent, 1-(3-dirnethylaminopropyl)-3-ethylcarbodi-imide (Plant et al., 1987) . This finding is consistent with the hypothesis that Glu and/or Asp might be active-site residues in all the amylolytic enzymes shown in Figs 3 and 4.
To further investigate the role of the amino acid residues for catalytic activity and action pattern of the neopullulanase, and also to improve the characterization of the enzyme at the molecular level, amino acid substitution in the probable active site by site-directed mutagenesis is now in progress. 
